ABSTRACT In this paper, a novel technique to design a broadband circularly polarized dielectric resonator antenna (DRA) with a lattice structure is proposed for the first time. Two resonant modes of TE 111 and TE 211 can be simultaneously excited through a cross-slot to constitute a wide operating bandwidth. On this basis, its reconfigurable version, which can operate in left-handed circular polarization (CP), right-handed CP, and linear polarization (LP) states, has been further presented. The latter possesses a simple design procedure to implement the reconfigurability since all the reconfigurable feeding circuits are isolated from the radiating DRA by the ground plane and only five p-i-n diodes are needed. Besides, a Teflon-based template is adopted to solve the problem of dielectric blocks' critical placement and alignment tolerances. A backed cavity based on substrate integrated waveguide technology is introduced to reduce the unwanted radiation from the surface wave. Measured results indicate that the reconfigurable prototype can achieve a 3-dB axial ratio bandwidth of 20.7% for CP states, an impedance bandwidth of 29.6% for LP state with a cross-polarization level of better than −20 dB, and a peak gain over 7.3 dBi for all states. The proposed antenna can be used for polarization diversity applications of the modern wireless system. INDEX TERMS Dielectric resonator antenna, polarization reconfigurable, cross-slot coupling.
patch [7] , C-shaped [8] and E-shaped patch [9] , as well as some slot antennas [10] have been reported by taking this method. Alternatively, polarization diversity can be generated by introducing a reconfigurable feeding network [11] [12] [13] [14] [15] [16] [17] [18] [19] . Various such reconfigurable designs have been demonstrated by taking advantages of some popular antenna configurations including stacked or L-probe fed patch antenna [11] , [12] , partially reflective surface antenna [13] , metasurface-based antenna [14] , [15] , and magneto-electric dipole antenna [16] . Besides, this strategy has also been widely used in reconfigurable antenna array designs [17] [18] [19] . Another technique to achieve polarization agility is using polarizers to transform the type of polarization. In [20] [21] [22] , different types of polarizers adopting orthogonal apertures [20] , metasurface [21] and frequency-selective-surfaces [22] are placed in front of the radiator or arranged as a reflectarray.
Most of the above mentioned designs have drawbacks in narrow operating bandwidth (owing to the narrowband nature of low profile microstrip antennas) and low radiation efficiency (mainly caused by the loss of RF switches and partly due to the metal loss). Dielectric resonator antenna (DRA) [23] , [24] , which possesses inherent features such as low Q-factor (wideband), high radiation efficiency (about 10% higher than microstrip patch antenna @ 4 GHz [25] ), easy excitation of various modes, is found to be a good candidate for reconfigurable antenna design [26] . Several DRAs, with frequency or pattern reconfigurability, have been proposed for multifunction applications [27] , [28] . Unfortunately, there is little polarization reconfigurable mechanism for DRA since the conventional techniques are hard to apply to the DRA. Recently, polarization-diversity DRAs have drawn much attention [29] . They exhibit favorable ability of polarization diversity, but the lack of reconfiguability makes them less flexible. Meanwhile, a novel kind of liquid-based polarization reconfigurable DRAs has been investigated in [30] and [31] . However, such antenna is only suitable for static changing systems.
In this paper, we extend our previous work in [32] and present a low-profile broadband polarization-reconfigurable DRA. By employing a p-i-n diode based switchable feeding cross-slot, LHCP, RHCP, or LP working state can be enabled. Two resonant modes of TE 111 and TE 211 can be simultaneously excited through a coupling slot to form a wide operating bandwidth. It is worth mentioning that all the diodes and its dc bias circuits are isolated from the DRA by the ground plane, which can avoid unwanted radiation performance deterioration. This paper is organized as follows. In Section II (A), a technique to design a wideband CP DRA with a lattice structure is presented. Section II (B) introduces the design concept of its polarization reconfigurable version. Section II (C) shows the practical implementation of the proposed reconfigurable DRA, along with the simulated results. Section IV gives the measured results and comparisons. Section V concludes this paper. 
II. ANTENNA DESIGN A. MECHANISM OF WIDEBAND CP PERFORMANCE
Our previous work in [32] shows that an LP DRA with a lattice structure exhibits low profile and wide bandwidth. feeding cross-sot with unequal arm lengths, Antenna C of CP radiation is then attained. In such a way, Antenna C still has a simple and compact feeding structure, and at the same time remains a wide operating bandwidth. Fig. 2 shows the simulated performance of the wideband CP DRA (Antenna C). It is known that the overlapped bandwidth is about 28% and the gain is higher than 7 dBi, which is at a good level among the published results [33] . The simulated E-field distributions shown in Fig. 3 confirm a phase difference of 90 • between the orthogonal degenerate modes at each resonant frequency. By combining the E-field distributions with the mode analy-VOLUME 6, 2018 
sis discussed in [32] , it also can be found that the lower resonant mode is mainly contributed by the fundamental mode of TE 111 , while the higher frequency resonance is caused by the second-order mode of TE 211 .
Parametric studies have been done to shed some light on the design considerations of the proposed CP DRA. Fig. 3 (a) shows the effect of the aspect ratio (h 1 /w) on the two resonant frequencies of the CP DRA. Note that the volume of the DR block is maintained as the same when the aspect ratio is adjusted. It can be observed that the two resonant frequencies separate gradually as h 1 /w increases from 0.1 to 0.3, which is beneficial for broadband antenna design. After that, the two resonant frequencies remain almost unchanged. However, the larger is the aspect ratio, the smaller is the planar size of DR block and the higher is its profile, leading to smaller radiation aperture and lower gain. Therefore, to achieve a wide bandwidth with a relatively higher gain, the value of h 1 /w is recommended to set at 0.3, which can be used as a design reference for this kind of DRA. Fig. 4 (b) shows the simulated AR values of the CP DRA with different gap widths (g). It is learned that decreasing g strengthens the coupling between the two resonances, resulting in that the lower resonant frequency significantly moves down, whereas the higher resonant frequency slightly shifts up.
In the design procedure, the aspect ratio should be determined firstly (0.3 is recommended), then the dielectric waveguide model (DWM) [34] can be used to evaluate the side width w and height h 1 of the DR block according to the resonant frequency of fundamental mode TE 111 . The optimization of the whole model shall be done in the end.
B. POLARIZATION RECONFIGURABLE DESIGN
Based on the discussion of wideband CP DRA, we further propose a broadband polarization-reconfigurable DRA as depicted in Fig. 5 . The detailed design parameters are listed in the caption. The antenna comprises:
1. A Teflon-based template on the top. The template made by Teflon substrate (ε r2 = 2.1) is adopted to solve the problem of dielectric blocks' critical placement and alignment. The methodology involves fabricating precise cavities in the template and filling them with composite dielectric blocks. This technique is low cost and can dramatically reduce the dielectric blocks' interelement alignment errors. 2. A group of dielectric blocks with a cross-arranged lattice structure on the middle layer, along with a supporting board. The dielectric block (ceramic material) has a high permittivity of ε r1 = 36 and a thickness of h 1 , while a substrate layer of Rogers 5880 (ε r = 2.2, tanδ = 0.0009) with a thickness of h is adopted as the supporting board. 3. A microstrip slot-coupled feeding structure on the bottom. The microstrip line is printed on one side of a Rogers 5880 substrate with a thickness of h m , and the coupling cross-slot is etched on the other side. Along each slot, there exists two pairs of plated-through vias and each pair of vias is bridged by one p-i-n diode. It is important to note that, by doing so, all the diodes and its dc bias circuits are isolated from the radiating DRA by the ground plane, therefore reducing the effect of these circuits on radiation.
In addition, a backed cavity based on substrate integrated waveguide technology is introduced to eliminate the unwanted surface wave radiation [35] . All the dc pads and its decoupling components are not involved here and will be discussed later in Section II (C).
By controlling the states of the five p-i-n diodes, three different polarization states can be realized. When D1 and 21214 VOLUME 6, 2018 FIGURE 6. Implementation of the polarization reconfigurable feeding network. D3 are ON while D2 and D4 are OFF, the two arms of crossslot have a proper length difference, resulting in a LHCP radiation. On the contrary, the antenna operates in a RHCP state when D2 and D4 are ON while D1 and D3 are OFF. If the four p-i-n diodes are all OFF and D5 is ON, then LP working state can be obtained. Here it is noted that a matching stub is connected to the microstrip feed line through D5 to obtain a good impedance matching in LP state. Fig. 6 shows the practical implementation of the polarization reconfigurable feeding network. We can observe that two pairs of switches are placed on both sides of the microstrip line serving as slot length controllers to realize switching between RHCP and LHCP, and a single switch is placed at the end of the microstrip line for the sake of impedance matching in LP state. For the circuit around each CP switching p-i-n diode, one 2-pF capacitor is used to ensure the dc power supply and keep the RF continuity, while another 47-nH inductor from PM0603 Series, Bourns, Inc. [36] is placed in series with the dc wire to prevent RF signals from leaking into the dc supply. For impedance matching switching circuit, two 47-nH inductors and one 2-pF capacitor with the same functions as before are adopted. The cathodes of all p-i-n diodes are connected to the ground terminal of a dc power supply through vias. The anodes of them are linked to the dc's positive terminal by some thin wires. By delivering or cutting VOLUME 6, 2018 off the dc control signal, the p-i-n diodes can be switched between ON-and OFF-states. It is important to mention that practical circuit models should be used in the design to accurately predict the antenna's performance. To this end, an circuit model for the Murata capacitor (synthesized by the Advanced Design System software) which includes a series capacitor, inductor and resistor is used in the simulation. The equivalent circuit of the diode (MADP-000907-14020 from MACOM) has also been taken into account as shown in Fig. 7 .
C. IMPLEMENTATION OF RECONFIGURABILITY
The simulated results of the proposed polarization reconfigurable antenna are shown in Fig. 8 and Fig. 9 . It is found that the impedance bandwidths are 30.1%, 28.4% and 27.6% for the LP, LHCP and RHCP states, respectively. The 3-dB AR bandwidths of the antenna for CP states are more than 24.9%, and the peak gain is higher than 8.3 dBi for those three polarization states.
III. RESULTS AND COMPARISONS
To validate the design concept, one prototype of the polarization reconfigurable antenna was fabricated and measured. The photograph of the fabricated prototype is shown in Fig. 10 . The AR values and gains of the antenna prototype were measured in the anechoic chamber (with vector network analyzer Agilent E8363C) and rotating the linearly polarized source horn (rotating linearly horn method [37] ). The measured reflection coefficients, along with the gain and AR values of the reconfigurable antenna are depicted in Fig. 11 and Fig. 12 , respectively. For clarity, we concluded the simulated and measured results of the reconfigurable antenna under three different states and listed it in Table 1 . It can be seen that the measured impedance bandwidths are 29.6% for the LP mode and more than 26.8% for the two CP modes. The measured 3-dB AR bandwidths are about 20.7%, ranging from 5.1 GHz to 6.3 GHz for the two CP states. There are some differences between the measured results and simulated ones, partly due to the inaccurate equivalent circuits for the p-i-n diode and capacitor within such a wide frequency range. The measured peak gains are 7.35 dBi, 7.5 dBi, and 7.44 dBi for LHCP, RHCP, and LP states, respectively. In general, the measured gains are about 0.7-1.3 dB smaller than that of the full wave simulations. The discrepancy might be caused by the insertion losses from SMA connector, circuit components such as p-i-n diodes, capacitors, and inductors. The measured radiation efficiency at 5.8 GHz for the three polarization states are 68.3%, 66.7%, and 73%. Compared with other similar designs, the proposed antenna has comparable radiation efficiency with [11] , higher than that in [14] , and still lower than those pump-injection-based reconfigurable DRAs [30] , [31] without using p-i-n diodes.
The measured and simulated normalized radiation patterns at two orthogonal planes are compared at 5.3 GHz and 6.1 GHz for the three polarization modes, as shown in Fig. 13-15 . The measured patterns agree well with the simulated ones within the 3-dB beamwidth. It can be observed that the antenna radiates in a broadside direction over a wide frequency band in all polarization states. For the LP state, the measured cross-polarization levels are better than −20 dB at both E-and H-plane. The slightly shaking of the radiation patterns might be attributed to the external dc wires coming from DC power supply as well as the base structure where the antenna is fixed for test. The effect of the introduced dc wires can be mitigated by using printed dc lines, which is suitable for integrated systems in practical applications as that presented in [38] .
The comparisons of the proposed DRA with previously reported polarization reconfigurable antennas are tabulated in Table 2 . It can be found that the proposed antenna exhibits better operating bandwidth than those microstrip antennas of [13] and [14] . Compared with the patch antenna in [11] , it has a simpler reconfigurable feeding structure and more polarization states. The pump-injection-based antenna in [30] shows a new technology for applying DRA to reconfigurable antenna design, achieving a wide AR bandwidth and high radiation efficiency. By comparison with it, the proposed DRA has much lower profile and can be used in more flexible applications.
IV. CONCLUSION
In this paper, a novel broadband polarization-reconfigurable DRA with a lattice structure has been investigated. By properly employing a switchable feeding cross-slot, the LHCP, RHCP, and LP operating states can be achieved. As a demonstration, an antenna prototype with an overall size of 1.0λ 0 × 1.0λ 0 × 0.1λ 0 was fabricated and tested. Good polarizationreconfigurability performance, together with wide AR bandwidths for CP states, low cross-polarization levels for LP state are validated by the measured results. The proposed design procedure is simple and effective for polarization reconfigurable implementation. In sum, the reconfigurable antenna exhibits promising characteristics of simple design procedure and wide operating bandwidth, making it a suitable candidate for multifunctional wireless communication applications. 
